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We report single-event transient (SET) responses of an on-chip linear voltage regulator in 130 nm commercial
standard CMOS technology by heavy ion experiments atfirst. Responses can be distinguished by the load current.
When the light load currentwas applied, the negative SET on the output of the regulator larger than 200mVwas
not observed, while the positive SETs that are larger than 400 mV and last for about 200 ns were observed. By
comparison, when the heavy load current was applied, both positive and negative SETs that are larger than
400mVand last for several hundrednswere observed. Next, themechanismbehind the phenomenon is analysed
and then verified by the post-layout SPICE circuit simulation. It is demonstrated that the input voltage, load cur-
rent and the load capacitance are key elements in determining the severity of SET. Finally, themost sensitive node
is located by analysis and SPICE circuit simulation, which lies in the output of the amplifier inside of the bandgap
reference (BGR). This result is a primary consideration in the development of the hardening technique.

© 2017 Published by Elsevier Ltd.
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1. Introduction

Single-event transients (SETs) in analog integrated circuits have be-
come an important issue to the reliability ofmicroelectronic devices, es-
pecially in the field of aerospace [1–2]. SETs are created by heavy ions
which bombard the sensitive regions of a device, such as reverse biased
p-n junction, and generate electron-hole pairs. Collected by the electric
field in the p-n junction, these electron-hole pairs lead to current and
voltage spikes that propagate through the circuit and result in data cor-
ruption or even system failure [3–4], depending on the role of the circuit
in the system. Therefore it is necessary to study the effect of SET in those
critical components, and to provide guidance for the hardening
technique.

The linear voltage regulator as a kind of dc-dc converter has many
advantages in comparison to the dc-dc switching converter, including
simple design, low noise and fast transient response to load conditions,
despite efficiency concerns. Thus, linear voltage regulators are used in
power management circuits. However, they are quite sensitive to SETs
in heavy ion testing, pulsed laser testing and simulation [5–10]. Because
the hardened linear regulator is of great significance, many companies
have provided their own hardened linear regulator. The performance

of SET mitigation in hardened linear regulators from Intersil has also
been evaluated, which is a reference for the future hardened linear reg-
ulators [11–12]. However, these researches used discrete devices based
on technologies several generations behind the state of the art or tech-
nologies requiring special processes. It is unknownwhat would happen
in the on-chip linear regulator based on relatively advanced standard
CMOS technology. In addition, the standard CMOS technology and the
on-chip circuits are themainstream, and the effect of SET in on-chip lin-
ear regulator designed in CMOS technology has not been reported.
Therefore, researches on this are required firstly to design a hardened
on-chip linear regulator fabricated on the fast developing CMOS
technology.

This research reports the SET sensitivity of an on-chip linear regula-
tor in 130 nm commercial standard CMOS technology by heavy ion ex-
periments. A simplified structure of the linear regulator in this paper is
illustrated by Fig. 1, which regulates an unregulated 3.3 V power to a
stable 1.23 V. Also, this research investigates and locates the causes in
circuit level verified by post-layout SPICE circuit simulation.

This paper is organized as follows: Section 2 illustrates the setup and
results of heavy ion experiments. Section 3 analyses the circuit's sensi-
tive points and the propagation processes of SETs induced voltage
spikes, and verifies the analysis by SPICE circuit simulation. Section 4
discusses the influence of the input voltage, load current and load capac-
itance to the SET responses of the linear regulator and the key points of
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the hardening technique. Finally, Section 5 summarizes this paper and
the future work.

2. Heavy ion experiments

2.1. Linear regulator sample and experimental conditions

A linear regulator was designed and fabricated in a commercial
130 nm CMOS technology. It provides a stable output voltage of 1.23 V
with an unregulated input voltage ranging from 2.7 V to 3.6 V and
load current ranging from 100 μA to 150 mA and has a 50 nF capacitor
on the output. This linear regulator is prepared for the circuits that
need bias of about 1.23 V and source current of several mA, to about
120 mA.

The heavy ion test was performed in a vacuum at HI-13 tandem ac-
celerator in China Institute of Atomic Energy (CIAE) [13–15]. This accel-
erator provides heavy ion beams that can beused for single event effects
testing. Ions used for the test are summarized in Table 1. Range and LET
values are for normal incident ions. The SET responses not only depend
on ions, but also depend on the operating points of the linear regulator,
that are decided by input voltage, load current, load capacitance, etc.
Adding operating points will increase the complexity of heavy ion ex-
periments and data evaluation. Thus choosing the typical operating
points of the linear regulator optimizes the limited beam time. We can
still evaluate the other operating points by SPICE circuit simulation,
which will indicate the key elements. This will be illustrated in the dis-
cussion section. Because of the linear regulator's application mentioned
previously, the input voltage of the linear regulator is fixed to typical
3.3 V and the load current is switched between 20 mA and 120 mA ac-
cording to the application's typical operating points. The load current
switching is achieved by two load resistors of 10 Ω and 60 Ω soldered
on a PCB outside of the vacuum chamber, with one end of each resistor
connected to the output of the linear regulator. When only the other
end of the 10 Ω load resistor is grounded, the load current is about
120 mA, and is about 20 mA when only the other end of the 60 Ω load
resistor is grounded.

2.2. Experimental result

SETs on the output of the linear regulator are illustrated in Fig. 2.
These waveforms were captured by the triggering function of the oscil-
loscope. Wewere interested in SETs in themost sensitive region, which
should cause themaximum variation of output voltage. In order to cap-
ture all SETs that we were interested in, we needed proper settings of
triggering levels to reduce the influence of SETs which we were not in-
terested in, to the oscilloscope. After several attempts, our final settings

Fig. 1. Simplified linear regulator structure.

Table 1
Heavy ions used in experiments.

Ion type Energy
(MeV)

Range (Si)
(μm)

LET (Si)
(MeV·cm/mg)

74Ge 206 30.06 37.35
48Ti 169 34.7 21.8
35Cl 160 46 13.1
19F 100 72.7 4.4

Fig. 2. (Color online) SETs on the output of the linear regulator. (a) Most of SETs are
positive applying a light load current. (b) Positive SETs applying a heavy load. (c)
Negative SETs applying a heavy load. (For interpretation of the references to color in this
figure legend, the reader is referred to the online version of this chapter.)
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